Abstract. Heavy-oil is one of the main energy sources in the future. However, with the high viscosity of heavy oil, steam-flooding (SF) is one of the major techniques to produce this oil. To determine a favorable operating condition, many recent studies have evaluated the different methods like varying the well spacing and steam injection rates. However, there is no single optimum value for all reservoirs or all modes of operation. In this study, it's aimed to investigate the effects of well spacing, injection rate, and perforation on heavy oil production with low permeability in multi-layered heterogeneous reservoir. The practical field data was applied to simulate the SF process by using STARS, a CMG program. Production parameters such as injector -producer (inj. -prod.) distance from 141 m to 282 m and steam injection rates from 30 m3/d to 180 m3/d were evaluated to obtain the optimum conditions with 80 % steam quality. The entire project was considered for 20 years of production. From the results, it showed that the higher oil recovery can be achieved by increasing injection rate and/or shorten well spacing. In order to lower the steam consumption, the selective perforation in bottom layers was compared with full perforation strategy. With the balance between oil production and steam injection, about 60 % of steam can be saved in terms of water barrels (bbls). Meanwhile, it's possible to achieve a longer project life due to the slow depletion rate.
Introduction
Steam injection is one of the most successful enhanced oil recovery techniques for heavy oil production. However, the drawback of heavy oil is the high viscosity thus making it difficult and expensive to produce. To overcome this problem, steam-flooding (SF) is applied to produce this oil [1] . Injected steam heats the formation around the well-bore to reduce the oil viscosity and recover towards the producing wells.
In terms of the production effectiveness, steam must be injected at sufficient rates [2] . Moreover, a proper flood pattern can provide good sweep efficiency and more producers to achieve high rates. Chu [8] compared the 5-spot pattern with inverted 7-, 9-, and 13-spot patterns. He found that the oil recovery in a 5-spot (normal or inverted) is the best based on the assumptions that the drainage areas of all producers are the same and that the steam rate is proportional to the pattern size. Therefore, inverted 5-spot pattern was also applied in this study (Fig. 1) .
Steam-Oil Ratio (SOR) is a parameter used to monitor the efficiency of oil production with respect to steam injection. The lower SOR, the more efficient steam is utilized. However, maximum oil recovery or high recovery factor (RF) is also favorable to be considered as one of the decision criteria. Although the heat balance model demonstrated that oil/steam ratios are improved with increased steam quality [3] , the steam injection rate is a significant parameter to affect the performance of team injection. In general, higher oil recovery can be achieved by higher injection rate, but it is required more energy consumption for steam generation. Also, well spacing is another critical consideration affecting the efficiency and the number of well drills [4] . The more wells drilled, the more fuel energy consumption and hence the higher project cost could be accounted. Also, the heat transfer would be poor due to heat loss if the distance between injectors and producers is far away [5] . Apart from that, the strategy of selective perforation was tested and compared in the modeling studies. Due to the reservoir heterogeneity, Hong [6, 7] concluded that no single value of steam injection rate or quality can be optimum for all reservoirs or all modes of operation. As such, the same set of values should not be used in all reservoirs. Therefore, in this nameless heterogeneous heavy oil reservoir, a hypothetical study has been performed in order to evaluate the favorable SF conditions such as well spacing, injection rate, and number of perforations based on this particular field data by using simulation model.
Simulation

Reservoir model
All simulation studies were performed by CMG simulator. Multi-layered heterogeneous reservoir was constructed from the actual field data as shown in Table 1 . By calculating the average permeability and porosity from the low permeability zone of the field, totally 5 interested layers are selected for this study. Depending on the well spacing, the grid dimension in 5 x 5 x 5, 7 x 7 x 5, and 9 x 9 x 5 were created for 3 different injector-producer distance, 141.4 m, 212 m, and 282.8 m, respectively. Inverted 5-spot pattern with 80 % steam quality was used in this study. These three different well spacings were evaluated by considering the production efficiency and RF with various injection rates. Since one of the tasks is to evaluate the perforation strategies, oil RF and cumulative SOR would be the factors for comparison. All in all, the various steaminjection rates from 30 m 3 /d to 180 m 3 /d and well spacings were evaluated for different scenarios as proposed in the following:
1. Scenario 1 -Full perforation in all layers. The inverted 5-spot steam-flooding is injected and produced from layer 1 to layer 5 starting from the first day to the end of 20 years.
2. Scenario 2 -Selective perforation in bottom layers. The inverted 5-spot steam-flooding is injected and produced from layer 4 to layer 5 starting from the first day to the end of 20 years.
Result and discussion
Effect of well spacing
From the result of 3 different injector-producer distances, the shorter the distance provides higher oil recovery than the longer distance. However, the cumulative SOR is decreasing with the increasing distance. In general, both perforation scenarios showe the same trend of this result.
Effect of steam injection rates and perforation strategy
Regarding the full perforation scenario, Fig. 3 and Table  2 exhibit the effects of total oil recovery and the cumulative SOR for various steam injection rates. It's noted that the higher the steam injection rate can increase both the total oil recovery and SOR. Considering together with the well spacing, the injection rate at 180 m 3 /d yields the highest RF at 46.6 % if injector -producer distance is 141.4 m. However, the cumulative SOR is also the highest which means the cost of steam would be higher as well.
Regarding the selective perforation scenario, Fig. 4 and Table 3 does not increase and the value is the same as the case of 60 m3/d. Similarly, the oil recovery is increasing with the injection rate increases up to 120 m3/d for injectorproducer distance at 141.4 m. Its RF keeps at the same value as the case of 120 m3/d. Based on such phenomenon, it can be interpreted that the maximum injection rate cannot be reached during the 20 years period for selective perforation scenario, especially in longer well spacing. That means the bottomhole pressure is still high during the period because higher steam injection rate provides more volume of fluid to the reservoir and hence the pressure can be maintained. In other words, the oil recovery should increase with the increase of injection rate if the end time of project is longer than 20 years. In this study, project time was considered in 20 years only as the objective is to compare the scenarios between full perforation and selective perforation based on the particular field data. Furthermore, the effects of varying different operating parameters can be fully observed in the full perforation strategy. 
Conclusion
Steam-flooding provides efficiently ultimate oil recovery for heavy oil. However, the huge energy consumption can impact to the production efficiency as well as project economics. Although the higher oil recovery could be obtained by increasing the steam injection rate and/or shorten the well spacing, the higher SOR would impact to the project cost at the same time. In terms of oil recovery, injection rate at 180 m 3 /d and injector -producer distance in 141.4 m gave the best RF in this study. In contrast, injection rate at 30 m 3 /d and injector -producer distance in 282.8 m gave the best result in terms of SOR. In comparison with the full perforation for injectorproducer distance in 141.4 m, the selective perforation scenario can save about 60 % of steam with the balance between oil production and steam injection. Besides, the project life can be lengthened by slow reservoir depletion. It's because the high injection rate and less perforation zone can yield a stronger pressure to the field. This can be expressed by the aforesaid numerical results that both RF and Cum SOR remained in the same value with the increasing of injection rate at the 20 th year. As such, it may be a better option if high cash flow is not critical in the early stage of the project.
